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We present surface-enhanced Raman scattering SERS studies of DNA nucleosides using
biologically benign agarose-stabilized gold nanoparticles AAuNP. We compare the SERS activity
of nucleosides with AAuNP to that of commercially obtained citrate-stabilized gold nanoparticles
and find the SERS activity to be an order of magnitude higher with AAuNP. The higher SERS
activity is explained in terms of the agarose matrix, which provides pathways for the gold
nanoparticles to have distinct arrangements that result in stronger internal plasmon resonances.
© 2006 American Institute of Physics. DOI: 10.1063/1.2192573Nanoparticle research is at the leading edge of a rapidly
growing technology in nanoscale, medical, and biological
sciences. Advances in the preparation of gold and silver
nanoparticles have rekindled interest in surface-enhanced
Raman scattering SERS as a means to detect single mol-
ecules and to identify their chemical structure; SERS now
provides a potential for label-free detection of biomolecules.1
Significant efforts focus on the binding of oligonucleosides
to metal surfaces and colloids for applications that include
multiplexed DNA detection technology,2 rapid sequencers
based on SERS from single DNA bases,3 and real-time DNA
detection methodology.4
In this work we use biologically benign agarose-
stabilized gold nanoparticles for the detection of micromolar
concentrations of DNA nucleosides using SERS. This pro-
cess for gold nanoparticle production allows for systematic
variation in nanoparticulate size via changes in the stoichi-
ometry of the precursors. Agarose-stabilized gold nano-?
particles have several advantages over the conventional
citrate reduction technique of preparing nanoparticles; agar-
ose, which is a biologically benign medium, ensures nonde-
gradation of probe molecules. Furthermore, its gelation prop-
erties facilitate easy film formation for on-chip biosensing
applications.
Although the relative importance of various mechanisms
for SERS is still debated, electromagnetic enhancement due
to the local field of surface plasmons excited by the incident
light is considered to have a major contribution.3 A major
enhancement occurs for aggregated colloidal silver or gold
nanoparticles induced by halide ions, where plasmon reso-
nances can result in a strong confinement of the optical fields
between the aggregated particles.3 Another mechanism in-
volves dynamical charge transfer between a nanoparticle and
a molecule, or a resonance Raman effect due to a charge-
transfer electronic transition. The magnitudes of such chemi-
cal enhancement have been estimated to reach factors only of
the order of 10–100.5 It was pointed out by Haslett et al. that
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chemisorbed molecules but that alone cannot explain the ex-
istence of SERS.6
Estimates of enhancement factors based on the compari-
son of SERS intensity with normal Raman intensity are usu-
ally tricky since the number of target molecules that contrib-
ute to the SERS signal is usually unknown. The largest SERS
enhancements reported in the literature occur when excita-
tion wavelengths are in the near infrared NIR, out of reso-
nance with the surface plasmons. This effect has been re-
ported in a series of papers by Kneipp et al.;7,8 they estimate
the SERS cross section by comparing the intensities of the
surface-enhanced anti-Stokes Ias to the Stokes Raman scat-
tering Is signal. Recently it was shown that the Ias / Is ratio
for a specific mode in a sample is dependent upon the laser
wavelength, a manifestation of the internal or the local plas-
mon resonance due to the presence of “hot spots,” where two
nanoparticles are most strongly coupled.9 Hot spots result in
the redshift of local plasmon resonances and SERS signals
that are higher when the excitation wavelength is off the
surface plasmon resonance.10 A scale invariant theory of Ra-
man scattering of light by fractal clusters further shows that
more hot spots are excited when the laser wavelength is in
the NIR.11 In our measurements we do not use the Ias / Is
ratio, but instead compare the SERS Stokes Raman signal to
that of the substrate Si Raman phonon. This provides an
excellent way of taking into account thickness variations be-
tween the different sample films described later.
The agarose-stabilized gold nanoparticles AAuNP
were produced by reduction of NaAuCl4 by trimeric alanine
phosphine conjugate THPAL, PCH2NHCH3COOH3 in
the presence of agarose in water at 25 °C and at physiologi-
cal pH values. The size distribution can be varied by altering
the concentration of either gold ions or reducing agent. Spe-
cifically, at any given concentration of gold in agarose gel
matrix, increasing the concentration of the reducing agent
yielded larger nanoparticles. This is, presumably, because of
the sudden increase in the local concentration of the reducing
agent around gold ions inside the gel matrix published
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Delsewhere.12 Citrate-stabilized gold nanoparticles CAuNP,
with mean particulate size of 15 nm, were commercially ob-
tained from Aldrich. DNA nucleosides 2’-deoxyadenosine
dA, 2’-deoxycytidine-5’-monophosphoric acid dCMP,
and 2’-deoxyguanosine-5’-monophosphate dGMP were
procured from Acros, and 2’-deoxythymidine dT was ob-
tained from Aldrich. To each of the DNA nucleosides, we
added 0.1 ml of 510−3M base solution to 1 ml of AuNP
FIG. 1. Color online a AFM image of a drop-casted AAuNP film on a
quartz substrate. b AFM image of a drop-casted CAuNP film on a quartz
substrate.ownloaded 26 May 2010 to 128.206.162.204. Redistribution subject tofor a final nucleoside concentration of 10−4M. The films
were prepared by drop casting 30–50 l of the final solution
on Si wafers and drying it in a desiccator for 12–20 h.
Raman spectra were collected by an Invia Renishaw
spectrometer. The 785 nm line of a diode laser
5 mW was used as the excitation source. Atomic force
microscopy AFM measurements were performed in the
tapping mode with a Nanoscope III system and absorption
measurements were carried out using a Shimadzu UV-vis
spectrophotometer.
Figure 1a shows a 22 m2 AFM image of a thin film
cast from AAuNP on a quartz substrate. Since agarose forms
a gel matrix, it is necessary to slightly heat the films to get a
good contrast. The AuNPs are uniformly distributed over the
substrate with a submonolayer coverage and a sharp size
distribution. For comparison, an AFM image of the CAuNP
film is shown in Fig. 1b. The particle size in the AFM
images, 35 nm, is somewhat larger than that from trans-
mission electron microscope measurements 15 nm. This
magnification is attributed to the convolution of true particle
size with that of the AFM tip.13 There are slight variations in
the distribution of particles from one film to the other, but
overall AAuNP and CAuNP films show a similar number of
particles per unit area.
The size distribution of the gold nanoparticles in AAuNP
is, however, higher than in CAuNP as seen in their respective
absorption spectra Fig. 2 intensities are unnormalized.
Figure 2b shows the UV-vis absorption spectra of AAuNP
in the presence of DNA nucleosides. The absorption spec-
trum of the gold nanoparticles is shown as a reference, where
the plasmon band peaks at 541 nm and the width of the
plasmon band is 100 nm. The rising background in the
lower wavelength region is due to interband transitions in
gold.14 With the addition of dA, dCMP, and dGMP the plas-
mon band redshifts by almost 15 nm, and the width of the
band also increases by 30 nm. In dCMP an aggregate peak
FIG. 2. a Absorption spectra of
CAuNP and CAuNP with the four
DNA nucleosides. b Absorption
spectra of AAuNP and AAuNP with
the four DNA nucleosides. c SERS
spectra of dA, dCMP, dGMP, and dT
with CAuNP. The vertical scale has
been expanded by 10 beyond
550 cm−1. d SERS spectra of dA,
dCMP, dGMP, and dT with AAuNP.
The vertical scale has been expanded
by 2 beyond 526 cm−1. In c and
d the spectra have been scaled so
that the 520 cm−1 Si peak observed
through the sample has the same inten-
sity for all four samples. AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp
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Dappears as a shoulder at 650 nm. dT, on the other hand,
shows no major changes in the plasmon band.
Figure 2a shows the absorption spectra of CAuNP and
CAuNP in the presence of the nucleosides; the plasmon band
peaks at 518 nm. dA+CAuNP shifts and exhibits an aggre-
gate peak at 640 nm. Adding dT, dCMP, and dGMP to
CAuNP results in almost no change in the plasmon band.
Figure 2d displays typical SERS spectra of the four
nucleosides with AAuNP at room temperature. In dA the
pyrimidine ring breathing mode at 730 cm−1 is strongly en-
hanced. In dCMP the same mode shifts to a higher frequency
of 782 cm−1, and the 537 cm−1 mode, which corresponds to
an asymmetric stretch of the pyrimidine ring, is also en-
hanced. In dGMP the imidazole ring breathing mode at
650 cm−1 gets enhanced. This band is shifted by 20 cm−1
to higher wave numbers in saturated aqueous solutions.15 dT
shows no SERS, as observed in other work.3 The Raman
spectra of the four nucleosides with CAuNP were measured
from films cast on Si, as shown in Fig. 2c. Of the four
nucleosides, only dA shows SERS activity with enhancement
of the pyrimidine ring breathing mode at 734 cm−1.
Normalized intensities of the strongest Raman peak ob-
served in the SERS spectra of the DNA nucleosides are tabu-
lated in Table I. These intensities have been normalized to
the thickness of the films in the following manner. By divid-
ing the Raman intensity of the outside Si peak at 520 cm−1
to that of the Si Raman peak obtained through the nucleoside
films, we obtain the optical density OD of the film Beer-
Lambert’s law. With the assumption that the absorption co-
efficients are similar for all four bases, on dividing the SERS
intensity by the OD, we deduce the normalized SERS inten-
sities. The second and the third column represent the inten-
sity ratios for AAuNP and CAuNP, respectively. SERS is
observed for three nucleosides with AAuNP, while it is ob-
served only for dA in CAuNP. The largest SERS signal,
which is an order of magnitude higher than dA in CAuNP, is
observed from the pyrimidine ring breathing mode of dCMP
in AAuNP at 782 cm−1. Since the concentration of the
nucleosides is the same for both agarose- and citrate-
stabilized AuNPs, our results clearly show that the agarose
matrix facilitates an enhanced SERS activity.
All our Raman measurements were carried out with the
785 nm line as the excitation source, which is much lower in
energy than the surface plasmon band of AuNP. Previous
works have alluded to the idea that aggregation is an impor-
tant factor for observing SERS.15 From our results we note
that although the dA shows a higher aggregation with
CAuNP as seen from the absorption spectrum, the SERS
signal is weaker than with AAuNP. This indicates that in
addition to aggregation, the internal local resonances play a
large role in SERS activity. We find that some amount of
aggregation is necessary for observing SERS. This aggrega-
tion is signaled by an increased surface plasmon linewidth
TABLE I. SERS intensity of the DNA nucleosides. The intensities have
been normalized to the thickness of the sample as described in the text.
AAuNP ISERS CAuNP ISERS
dA I730=2.5105 I734=0.5105
dCMP I782=10105 No SERS
dGMP I651=1.1105 No SERS
dT No SERS No SERSownloaded 26 May 2010 to 128.206.162.204. Redistribution subject toupon addition of the DNA nucleosides, which is most
probably related to the presence of hot spots. An optimized
distribution of hot spots enhances the dipole-dipole interac-
tions among surface plasmons, creating internal local
resonances.
10 The excitations of hot spots are strongly depen-
dent upon the incident laser wavelength. In Ref. 9, Maher
et al. use a discrete dipole approximation; they consider a
random distribution of 40 colloidal particles diameter
20 nm enclosed in a volume of 200200200 nm3 for
105 different clusters; the enhancement factors with the
633 nm excitation is 300% higher than with 514 nm excita-
tion. Also, if the density of the colloidal particles increases
the internal plasmon interactions become delocalized, thus
reducing the SERS activity. In light of these calculations we
can qualitatively explain the higher SERS activity with the
agarose-stabilized AuNP.
Agarose, which forms a gel, develops a network of nar-
row channels due to the interpenetrating H bonds between
the sugar moieties with pore sizes 200 nm.16 These
nanochannels provide pathways that gold particles can oc-
cupy. The AFM image clearly shows that the number of par-
ticles is 50 in a 200200 nm2 area, similar to the model
of Maher et al.9 This turns out to be an optimal number of
particles/area for an enhanced internal plasmon resonance to
yield a high SERS activity. In contrast, AuNP in a citrate-
stabilized film favors fewer hot spots since there are no real
channels for an optimized distribution of the particles.
In conclusion, we have shown that agarose-stabilized
gold nanoparticles yield higher SERS activity for DNA
nucleosides which opens up possibilities of using this AuNP
for on-chip biosensing applications.
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